Abstract-Spatially distributed transmissions in coordinated multipoint (CoMP) systems can lead to mean channel power imbalance (CPI) at the receiver. Similar imbalance also occurs in distributed antenna and co-located multi-antenna systems due to inaccurate antenna calibration. This paper studies performance impact of power imbalance on some practical CoMP methods with limited feedback. We derive approximate analytical expressions of asymptotic capacity, optimal amplitude weights, as well as signalto-noise ratio gain for a few methods under analysis. Numerical results validate the analysis and show impacts of erroneous feedback under CPI. Results demonstrate that CPI has significant negative impact on the CoMP performance. Furthermore, our results reveal that amplitude information at transmitter is crucial and detrimental effect of CPI can be effectively compensated by using long-term amplitude information at transmitter. Moreover, additional short-term amplitude feedback shows insignificant gain when a large number of diversity antennas in base stations or CoMP suffer from feedback errors. In fact, a sparsely quantized phase and long-term power information feedback can lead to performance very close to the use of full channel state information at the transmitter.
I. INTRODUCTION

I
N contemporary wireless systems limited feedback methods have attracted much attention [1] . In particular, antenna diversity techniques have been a popular research direction because they represent a practical method to mitigate the detrimental effect of fast fading, and to improve received signal-tonoise ratio (SNR) when given channel state information (CSI) at the transmitter. The literature on the topic is vast and contains fundamental results for the feedback use, codebook design and performance, see e.g. [2] - [4] . While [3] and [4] focus on optimal codebook design, the performance lower bound is given by the codebook based on random vector quantization [5] . Also, suboptimal feedback quantizations have been used to obtain tractable analytical results [6] - [11] . Results from these studies and other investigations in industry community have shown that suboptimal codebooks provide near-optimal performance and a number of practical methods have been incorporated into 3rd Generation Partnership Project (3GPP) standards like wideband code division multiple access (WCDMA)/high speed packet access (HSPA) [12] and long term evolution (LTE) [13] .
Most analytical results for multi-antenna systems rely on conventional assumption that antenna branches are homogeneous and channels seen by the receiver admit the same statistical properties. Yet, in many practical scenarios mean power imbalance occurs between signals received by a user from different antennas. Before moving on, let us recall briefly some practical scenarios where mean power imbalance occurs.
A. Mean Power Imbalance: Scenarios
Coordinated transmission has been recently studied [14] - [18] while practical coordinated multipoint (CoMP) transmission techniques have been standardized for LTE [19] , [20] . In 3GPP, CoMP refers to the so-called joint processing and coordinated scheduling/beamforming [19] - [21] . In joint processing, transmitted data to a single user are available at each transmission point of a CoMP set while, in coordinated beamforming/scheduling, transmission is executed from one base station (BS) but user scheduling among cells is coordinated to mitigate inter-cell interference. CoMP set in LTE joint processing consists of adjacent sectors that apply separate antennas and from different logical cells that are controlled by the same network unit [22] . Power imbalance occurs since sector antenna main lobes point to different directions. To benefit from coherent combining of multiple transmissions, receiver feedback per-transmission point is sent through a low rate feedback channel [19] .
Distributed antenna systems (DAS) represent another situation in which channel power imbalance (CPI) emerges. In a DAS architecture, antenna elements are geographically distributed but connected to the controlling base station via high capacity cable or fiber. The main objective of such a deployment strategy is to improve cell capacity in traffic hot spots. Even though the DAS concept was originally proposed for better indoor coverage [23] , such an architecture exhibits many additional advantages in terms of system performance 1536-1276 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
[24]- [26] . Yet, transmit diversity through DAS must confront the problem of power imbalance among signals received from different antennas. Finally we note that power imbalance also occurs in many practical systems using co-located antennas. For example, in macrocellular deployments different transmission chains do not usually admit accurate power calibration. Even small implementation or calibration errors in power amplifiers, antenna cabling and antenna gain pattern orientation can lead to different power responses in the transmission-reception chain. For example, [27] shows that for 3G base station the difference between reference signals from two different antenna connectors must be within ±2 decibel.
B. Contribution, Related Works, and Paper Structure
This paper addresses the impact of power imbalance on the performance of some practical low-rate feedback CoMP methods. We derive approximate closed-form expressions for asymptotic capacity, optimal amplitude weights and SNR gain of two simple CoMP methods that are compatible with WCDMA/HSPA and LTE, namely quantized co-phasing (QCP) and ordered quantized co-phasing (OQCP). We note that although being suboptimal the selected methods are straightforward extensions of standardized methods, which require very small feedback capacity and provide performance close to ideal cases where transmitter admits perfect phase or/and amplitude information. For benchmarking, we also derive expressions of the metrics for benchmark methods: transmitter selection combining (TSC) and full CSI. Through tractable analytical results we provide insights into the performance impact of power imbalance in CoMP system with limited feedback.
Although CoMP has been recently investigated in many works such as [17] , [18] , [28] , [29] , to our best knowledge, practical diversity transmissions consistent with the standards have not been well analyzed. Authors in [17] and [18] assumed perfect CSI and analyzed algorithms to find optimal or suboptimal beamformers across all coordinating base stations to minimize total transmitted power [17] and backhaul capacity demand [18] . On the other hand, both suboptimal and optimal low-rate feedback codebooks [1] have been proposed and analyzed since the introduction of simple transmit diversity methods in the late 90s [30] . In [7] , beamforming methods consistent with WCDMA are introduced; capacity and BEP analyzes of these methods are presented in [11] and [31] , respectively. Diversity methods designed for equal gain transmission are studied in terms of outage probability in [32] whereas codebooks based on Grassmannian packings and vector quantization methods are studied in [4] and [28] , respectively. Exact expression for distribution of SNR loss due to limited feedback is presented in [4] while [28] presents approximations for capacity loss, outage probability and BEP. Nevertheless, these existing research works assume independent and identically distributed Rayleigh fading channels and impact of CPI among transmission links has not been investigated.
In this paper, we derive the asymptotic capacity, optimal amplitude weights and SNR gain expressions for QCP and OQCP to assess the impact of CPI on the performance. Asymptotic capacity provides insight into the impact of power imbalance on the benefit from coherent combining. All derived results are verified through simulation. Additionally, for comparison and benchmarking purposes, we derive expressions of the performance measures for the conventional TSC and the full CSI cases. Moreover, numerical results are presented to demonstrate impact of feedback error under power imbalance.
Performance comparisons show that short-term phase feedback improves link performance although it requires at least long-term amplitude feedback to effectively mitigate negative consequences of imbalance between mean received powers. In the presence of large imbalance, we show that QCP exploiting long-term signal amplitude information in addition to shortterm co-phasing information performs very close to OQCP that applies additional short-term order/power information. We also show that performance gap between the QCP or OQCP method and more sophisticated methods is small. The performance gaps decrease when there is large number of transmit antennas in base station. Furthermore, we demonstrate that feedback error impacts the performance of OQCP more than it impacts the performance of the QCP. The use of long-term amplitude weights for the QCP considerably decreases the performance loss resulting from the feedback errors under power imbalance. For both OQCP and QCP, at large power imbalance, the performance loss due to error is relatively less for large number of transmit diversity antennas.
The rest of the paper is structured as follows. In Section II we present the system model and the limited feedback beamforming algorithms. In Section III we compute analytical expressions for the asymptotic capacity. And in Section IV we determine expressions for the optimal amplitude weights and corresponding SNR gain under CPI. In Section V we verify analytical results and provide performance comparisons, before presenting our conclusions in Section VI.
II. SYSTEM MODEL AND LIMITED FEEDBACK BEAMFORMING ALGORITHMS
A. Signal Model Fig. 1 illustrates the general downlink system model in which the transmitter side consists of two groups of M antenna branches that transmit identical payload information to a single antenna mobile station (MS). Antenna groups are considered to serve either two cells in two geographically separated sites (as in DAS or inter-site CoMP) or two adjacent sectors of the same BS site (as in intra-site CoMP). The power imbalance between antennas is negligible within each group but not between groups.
We consider a feedback system where low-rate CSI from a single-antenna MS is used to select transmission weights for different antennas of each group and the resultant signals of the groups, see Fig. 1 . In this model, the received signal at time instant i can be written as † denotes Hermitian transpose. We do not consider fast power control mechanisms at the transmitter side. Therefore, P t remains fixed for the duration of the data packet (frame) transmission.
Regarding the system under study, we make the following assumptions:
(A1) Fading is flat and thus, the complex channel coefficients h m,k (m = 1, 2; k = 1, 2, . . . , M) of the mth group can be described by a zero-mean circularly symmetric complex Gaussian random variable:
. Furthermore, we assume that channel gains are independent. (A2) A block fading channel model is employed. Therefore, channel gains remain constant during each block/ frame of transmitted symbols, and channel responses from temporally separate transmission blocks are independent. (A3) The MS has accurate CSI and provides both shortterm and long-term feedback to the BS. The shortterm quantized CSI is available at the transmitter side without transmission errors or latency while perfect time synchronization is assumed between transmission points such that coherent combining is possible. The long-term channel statistics are assumed to be perfectly known at the transmitter side.
We note that short-term feedback schemes and various codebook structures have been extensively studied in the literature. See e.g. [3] , [6] - [8] . The main bottleneck in utilizing short-term CSI lies in the feedback channel capacity since instantaneous channel state is continuously changing due to user mobility. On the other hand, since long-term CSI contains information on the slowly varying channel statistics, such as mean powers of the different channel gains, the accurate long-term CSI can be obtained with less frequent feedback signaling.
In MS the weight to maximize the received SNR can be found by computing the received power for all the words of the codebooks W and U . To do so in practice, the receiver first estimates the channel vector based on reference signals that are broadcasted from both transmitter antenna groups. The MS then determines the weight vector that maximizes the given performance metric and sends the weight (or its index) to the BS through feedback channel.
B. Feedback Algorithms
In what follows we provide three algorithms that are applied between the antenna groups: selection combining is used as a reference, a simple QCP algorithm and an ordered QCP algorithm that in addition to quantized co-phasing also utilizes signal order statistics. To simplify the presentation, we let is its small 1-bit feedback overhead which is attractive from a practical implementation perspective. On the other hand, the performance of TSC is inferior to more sophisticated beamforming algorithms and is also very sensitive to errors in feedback signaling [33] , [34] .
2) Quantized Co-Phasing:
In this scheme MS reports the quantized relative phase of g 1 and g 2 . Thus, when using N w bits feedback we have
where φ n = πn/2 N w −1 and v 1 , v 2 refer to long-term transmit weights that maximize the expected SNR. We set v 1 = v 2 = 1/2 if long-term amplitude information is not exploited. If M = 1, N w = 2 and there is no mean power imbalance between antenna groups, then (2) resembles closed-loop transmitdiversity that is applied in both HSDPA and LTE [12] , [13] . The only difference between our QCP and the method in HSDPA is that in the latter the feedback word results from the interpolation between two consecutive one-bit feedback words. Yet, from analytical point of view this difference is irrelevant because feedback latency is ignored.
3) Ordered Quantized Co-Phasing: This algorithm is a natural extension of QCP formed by using short-term order information of sum signal powers γ 1 and γ 2 in addition to the instantaneous phase difference. In OQCP, the receiver first rank instantaneous SNRs, γ (1) = max{γ 1 , γ 2 } and γ (2) = min{γ 1 , γ 2 } before deciding the phase feedback using criteria (2) . Both order and phase difference information are signaled to the transmitter using N w + 1 feedback bits. After precoding the received signal is of the form
whereφ n refers to the best phase whereas the normalized amplitude weights maximizing the expected SNR are selected based on the order statistics between sum signal powers γ 1 and γ 2 related to group 1 and 2. If M = 1, N w = 3 and power imbalance does not exist, the method resembles with a closed-loop mode 2 transmit-diversity that is applied in WCDMA system [35] . In case of Rayleigh fading for M = 1, it has been shown that v [7] . We define sinc(x) = sin(x)/x.
4) Feedback Method Within the Groups:
Within the groups we assume the M -antennas QCP technique where u m for the m th group is selected based on the following condition:
where u m,1 = 1/ √ M . We note that for each group (M − 1)N u bits are required to feedback respective phase information.
III. ASYMPTOTIC AVERAGE CAPACITY
With constant transmit power and flat fading channel, the average capacity (normalized by bandwidth) is of the form C = E {log 2 (1 + z)}, where z is the instantaneous SNR and the expectation is taken with respect to z [2] . In our case, the expression for the instantaneous received SNR can be written as
where v m = |w m | (m = 1, 2) is the amplitude weight factor, 
where
In the analysis, we approximate distribution of γ m using chi-square distribution with 2M degrees of freedom and scaling E{γ m } =γ m G. We recall the expression for G from [7] :
Thus, the distribution of γ m is given by
Gγm .
The approximation is based on the fact that γ m follows chisquare distribution when full CSI is applied within the groups.
Comparing numerical and the approximated cumulative distributions, we see a high level accuracy (less than 2% average error) for N u > 1 irrespective of M . For large M , the approximation is relatively less accurate when N u = 1. We note that the expression is exact distribution when M = 1. Although amplitude weights in this work are selected to maximize the expected SNR as will be presented in Section IV, the following capacity analysis is valid for any transmit amplitude weights.
A. Asymptotic Capacities for Reference Methods
For comparison purposes we first briefly derive the capacity formulae for reference cases. Let us first assume there is no joint short-term CSI between the groups in the transmitter side. Then receiver connects to the transmission group that exhibits the stronger mean SNR. Without loss of generality we assume from here on thatγ 1 >γ 2 . Then z = γ 1 and from (8) 
Using this probability distribution function (PDF) and the integral
from [36] , the average capacity in this case becomes
where E k (z) = ∞ 1 e −zt /t k dt is the exponential integral function [37] . We note that the integral expression in (9) is deduced based on results of [36] . Furthermore, the asymptotic average capacity can be computed by using the expressions
where e c is the Euler constant, referring (5.1.14) and (5.1.11) of [37] . From these expressions we obtain
and the asymptotic capacity expression becomes
The idea in this formulation is to extract the logarithmic term that represents the AWGN channel capacity and deduce the asymptotic difference between AWGN channel capacity and capacity of the precoded channel. In this way we can compare asymptotic capacity gains from different precoding methods. We also note that if M = 1 (the Rayleigh fading case), then G = 1 and (12) is reduced to the form
which was previously presented in [38] . If full joint CSI is available in the transmitter side, then transmit maximum ratio combining can be used between the groups and the received SNR is of the form z = γ 1 + γ 2 . The PDF for the sum of two chi-square variables is given in [39] and we reformulate it for our case as
The average capacity can be obtained straightforwardly from (9) and (14):
where σ 0 =γ 2 /γ 1 denotes the power imbalance between the two antenna groups. Here we have fixed the ratio σ 0 between mean powers and limit will be taken with respect toγ 1 when computing the asymptotic capacity. Similarly we apply (11) for the sum of exponential integral in (15) to obtain
From (13) and (16) we find that asymptotic capacity with respect to Rayleigh fading case is improved by term ΔC = −log 2 (e)σ 0 log σ 0 /(1 − σ 0 ) when full CSI is available in twoantenna transmitter.
For the TSC the SNR attains the form z = max{γ 1 , γ 2 } and the PDF in case of power imbalance is computed based on basics of order statistics presented in [40] :
Utilizing this PDF and the integral expression in (9), we find
Similarly, we here use (11) to formulate the asymptotic capacity as
For M = 1, (20) is reduced to
and the asymptotic capacity against Rayleigh fading case when M = 1 is improved by ΔC = log 2 (e) log(1 − σ 0 ).
B. Asymptotic Capacity for QCP
We start by writing the average capacity in the form
where (22) can be further decomposed as follows:
By combining (22) and (23) we obtain expression C = C + I, where the former term no longer depends on the phase ϕ and can be computed similarly as (15) . Let us denoteη 1 
Then the resulting formula is given by
. We obtain
where the computation of coefficient A n is straightforward and the result is of the form
, n = even
Let us compute B n . We first substitute η = v 
where we have denotedη m = v 2 m Gγ m . Furthermore, by substituting s = η(1 + t)/η 1 we obtain expression
where 
Now we can compute the expression of B n when taking the limitγ 1 → ∞:
where last equation follows from (3.197) of [41] , B(·, ·) refers to beta function and 2 F 1 is the confluent hypergeometric function. Finally, by using (16), (24) and (25) we obtain
where A n and B ∞ n are given by (26) and (30), respectively. We note that for M = 1 (31) attains the form
where A n and B ∞ n are evaluated with M = 1 and ΔC refers to the asymptotic capacity gain against SISO Rayleigh fading.
C. Asymptotic Capacity for OQCP
The average capacity for OQCP can be formulated as (2) dγ (1) , (33) where (2) cos ϕ and from basics of order statistics [40] f γ (1) , γ (2) 
By substituting γ (1) = y, γ (2) = yt, and making similar decomposition as in previous section, the capacity can be written as C = C + I, where
and
Let us first compute the limit for C − log 2 (γ 1 ). By substituting (34) and x = (v 2 1 + v 2 2 t)y into (35) , and then utilizing (9), we get
. We then apply the expression in (11) for the sums of exponential integral function and obtain
By substituting the expressions for μ 1 and μ 2 and rearranging the integrals, we find that
dx. For a given M we find expression for L 0 (·, ·, ·, ·) using a recursive formula presented in Appendix A.
Let us next compute limγ 1 →∞ I. Utilizing the expansion log(1 + w) = − ∞ n=1 (−w) n n for |w| < 1 [37, 4.1.24], the integral I can be expressed in the form
where A n is presented in (25) and (26), and
To compute o B n for large values ofγ 1 , we substitute s = y(1 + tv 2 2 /v 2 1 )/γ 1 and apply equality
Then we obtain
By exploiting the single integral form for the hypergeometric function of two variables given in [42] , we attain
In conclusion, using (39) and (40) we find that
where L 0 (·, ·, ·, ·), A n , and o B ∞ n are given in (57), (26) , and (44), respectively. We note that for M = 1 (45) can be written in the form limγ 1 →∞ (C − log 2 (γ 1 )) = − log 2 (e)e c + ΔC, where term ΔC defines the gain for the asymptotic capacity. The explicit expression for ΔC can be obtained using (26) , (56), and (44) by setting M = 1.
IV. OPTIMAL AMPLITUDE WEIGHTS AND SNR GAIN
In this section, we derive closed-form expressions of the optimal amplitude weights for QCP and OQCP in the presence of CPI. We note here that [7] presents related weight formulas for the studied methods when M = 1 and channel mean powers are equal.
A. Optimization Problem
From (5), the expected SNR, also called as SNR gain and denoted byz, can be expressed as
where C represents the covariance matrix for the resulting channel after phase adjustment. We note that the phase ϕ is independent of instantaneous SNRs of the component antenna groups (i.e., γ 1 and γ 2 ) and admit expression E{cos ϕ} = sinc(π/2 N w )} [7] . The elements of matrix C are now given by c 1,
We note that if order information is not available to the transmitter, we should ignore the parenthesis in the component SNR indices.
Then the optimization problem to find the amplitude weights can be formulated as
Before we proceed to solve (47) for QCP and OQCP, we recall that the weight vector (v 1 , v 2 ) for TSC and full CSI cases obviously attains the form (1, 0) and
B. Amplitude Weights for QCP
If the transmitter acquires N w -bit phase information but no short-term amplitude information, e.g. channel order, then longterm amplitude weights depend only on mean powersγ m of component channels. According to (46) the components of the covariance matrix for QCP attain the form c m,m = Gγ m and
The expression in (48) is obtained using the distribution in (8) 
We can interpret (47) as an eigenvalue problem Cv = λv and the best weights can be obtained from the eigenvector corresponding to the largest eigenvalue of C while v
Solution for two-dimensional eigenvalue problem is wellknown [43] and the maximum SNR gain becomes
The optimal weights corresponds to the eigenvector from the largest eigenvalue and are of the form
. We note that v 1 and v 2 are based on longterm channel average power, and v 1 is applied on channel that is stronger on average.
C. Amplitude Weights for OQCP
In this case short-term CSI consists of N w + 1 feedback bits: N w bits for phase information and one bit indicating order between γ 1 and γ 2 . Since the instantaneous order is known at the transmitter, the diagonal terms of covariance matrix C correspond to expectations of maximum γ (1) and minimum γ (2) . We compute expectation of the maximum by substituting the distribution from (18) into (1) and then applying (49) we obtain
For the minimum, we use
from basics of order statistics [40] and equation (52) to obtain c 2,2 = Gγ 1 κ 2 (σ 0 ). The off-diagonal terms c 1,2 and c 2,1 are equal and given as in (48) 
The optimization of (47) leads again to an eigenvalue problem. After solving this two-dimensional eigenvalue problem Cv = λv for the maximum eigenvalue and corresponding eigenvector we obtain the following SNR gain and optimal transmit weights:
We note that in case of OQCP the weights v 1 and v 2 are selected based on both long-term and short-term channel information and v 1 is applied on the channel with a higher instantaneous power response. 
V. PERFORMANCE RESULTS
A. Capacity Evaluation
Analytical results for asymptotic capacity have been verified in Fig. 2 and Fig. 3 for M = 1 and M = 4, respectively. Results are presented for σ 0 = 1 dB and σ 0 = 6 dB when N w = 3 and N u = 2 and using the optimal amplitude weights for QCP and OQCP. We see from Fig. 2 and Fig. 3 that for large SNR the numerical and analytical results coincide validating the asymptotic capacity results. Furthermore, the capacity in case σ 0 = 6 dB is clearly worse than in case σ 0 = 1 dB. This negative performance impact of power imbalance is further visualized in Fig. 4 and Fig. 5 where asymptotic capacity is presented as a function of σ 0 for M = 1 and M = 4 assuming γ 1 = 30 dB. For QCP that do not exploit long-term amplitude information, we have v 1 = v 2 = 1/2 irrespective of power imbalance and we see from both figures that QCP without longterm amplitude weights performs worse than TSC for large imbalance. Furthermore, OQCP always outperforms QCP and the higher the imbalance, the worse the capacity performance for both methods. Moreover, both QCP and OQCP perform closer to the full CSI case when M = 4 than in case M = 1. On the other hand, the performance difference between QCP and OQCP decreases when imbalance σ 0 decreases (impact of amplitude weights is smaller) or number of antennas M increases (fast signal variation becomes smaller).
B. Optimal Amplitude Weights and SNR Gain Evaluation
The power ratio v 2 1 /v 2 2 between the optimal transmit weight coefficients (see (51) and (55)) are presented in Fig. 6 and Fig. 7 as a function of σ 0 for M = 1 and M = 4 when number N w of phase bits is 1, 2, and 3, and N u = 2. As expected, the power ratio between weights increases when σ 0 becomes smaller. We also notice that the power ratios between transmit weights in case of QCP and OQCP are almost the same when σ 0 becomes very small. If M = 4, then transmit weight power ratios of QCP and OQCP are closer to each other on wider range of σ 0 since antenna diversity decreases the fast variation of the received signal. It is also worth mentioning that OQCP has smaller power ratio variation range, which makes it attractive when σ 0 is not static. Fig. 8 and Fig. 9 depict the SNR gain (i.e., G) as a function of the mean power ratio σ 0 for M = 1 and M = 4 when γ 1 = 0 dB. The solid and dashed curves refer to analytical results and the markers (asterisk, diamonds, circles and pluses) refer to corresponding numerical results. We assume that N w = 3, N u = 2 and expression in (52) is used for TSC. For QCP without long-term amplitude weights, (46) and (48)). Clearly, SNR gain expressions fit well the numerical results, and as expected, the SNR gain of every scheme decreases as the mean power imbalance grows. For instance, if mean power imbalance increases from 0 dB to 3 dB, then for M = 1 the SNR gain of TSC, QCP, OQCP, and full CSI drop by 22.2%, 23.7%, 25.0%, and 25.0% respectively. We note that QCP without long-term amplitude weights performs worse than TSC for large power imbalance. Furthermore, the performance difference between QCP and OQCP decreases when imbalance increases and it is smaller for M = 4. Moreover, both techniques perform very close to full CSI case over the whole σ 0 range when M = 4.
C. Impacts of Erroneous Feedback
In Fig. 10 and Fig. 11 we present simulated asymptotic capacity considering errors on feedback bits for M = 1 and M = 4, respectively, when N w = 3 and N u = 2. Solid curves refer results without feedback bit error and dashed curves refer results with a 20% bit error probability. Simulation assumes 3-bit Gray coding for the quantized phases and uniformly distributed bit errors that occur similarly for the short-term order and phase feedback bits used in the methods between antenna groups. We observe from both figures that for large power imbalance OQCP and TSC show the highest capacity loss that goes up to 8% due to feedback error. We also note that the loss for OQCP has smaller variation with respect to imbalance and the loss for TSC significantly increases when σ 0 decreases. On the other hand, the capacity loss for QCP decreases when power imbalance increases irrespective of the use of long-term weight. For large imbalance QCP using longterm weights provides considerably smaller capacity loss than QCP without long-term weights. Moreover, for both QCP and OQCP the capacity losses when M = 4 is a little bit smaller than respective capacity losses when M = 1 at large power imbalance.
VI. CONCLUSION
This work studies the impact of mean power imbalance on coordinated multipoint (CoMP) transmission. Our analysis focus on practical beamforming techniques with limited channel state information (CSI) feedback. Specifically, we investigated so-called quantized co-phasing (QCP) and ordered quantized co-phasing (OQCP) where the former method applies only quantized channel phase feedback while the latter technique applies both channel phase and order information at the transmitter. For comparison, we also studied the conventional transmit selection combining (TSC) and full CSI case. We derived approximate closed-form expressions for the asymptotic capacity, optimal amplitude weights and for the SNR gain. We also presented results showing impacts of erroneous feedback under power imbalance. Even with few feedback bits the OQCP provides asymptotic capacity and SNR gain performance that is very close to the performance achieved with full CSI. Thus, we conclude that the use of amplitude weights is important in the presence of channel power imbalance. We also note little performance difference between QCP and OQCP if number of diversity antennas in base stations is large. This is due to fact that fast signal variations becomes smaller when M grows and fast selection of amplitude weights gives less gain over long term amplitude weights. Furthermore, at large power power imbalance OQCP suffers higher performance loss than QCP due to feedback error. 
where F 1 is hypergeometric function of two variables, see (9.180) in [41] . We note that if M = 1, then L 0 obtained from (56) 
We then compute L 0 recursively using (56) and (57) by starting from m = M − 1 and going down to m = 0.
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